BACKGROUND: Clinical trials utilizing proton density fat fraction (PDFF) as an imaging biomarker for hepatic steatosis have used a laborious region-of-interest (ROI) sampling strategy of placing an ROI in each hepatic segment. PURPOSE: To identify a strategy with the fewest ROIs that consistently achieves close agreement with the nine-ROI strategy. STUDY TYPE: Retrospective secondary analysis of prospectively acquired clinical research data. POPULATION: A total of 391 adults (173 men, 218 women) with known or suspected NAFLD. FIELD STRENGTH/SEQUENCE: Confounder-corrected chemical-shift-encoded 3T MRI using a 2D multiecho gradientrecalled echo technique. ASSESSMENT: An ROI was placed in each hepatic segment. Mean nine-ROI PDFF and segmental PDFF standard deviation were computed. Segmental and lobar PDFF were compared. PDFF was estimated using every combinatorial subset of ROIs and compared to the nine-ROI average. STATISTICAL TESTING: Mean nine-ROI PDFF and segmental PDFF standard deviation were summarized descriptively. Segmental PDFF was compared using a one-way analysis of variance, and lobar PDFF was compared using a paired t-test and a Bland-Altman analysis. The PDFF estimated by every subset of ROIs was informally compared to the nine-ROI average using median intraclass correlation coefficients (ICCs) and Bland-Altman analyses. RESULTS: The study population's mean whole-liver PDFF was 10.1 6 8.9% (range: 1.1-44.1%). Although there was no significant difference in average segmental (P 5 0.452) or lobar (P 5 0.154) PDFF, left and right lobe PDFF differed by at least 1.5 percentage points in 25.1% (98/391) of patients. Any strategy with 4 ROIs had ICC >0.995. 115 of 126 four-ROI strategies (91%) had limits of agreement (LOA) <1.5%, including four-ROI strategies with two ROIs from each lobe, which all had LOA <1.5%. 14/36 (39%) of two-ROI strategies and 74/84 (88%) of three-ROI strategies had ICC >0.995, and 2/36 (6%) of two-ROI strategies and 46/84 (55%) of three-ROI strategies had LOA <1.5%. DATA CONCLUSION: Four-ROI sampling strategies with two ROIs in the left and right lobes achieve close agreement with nine-ROI PDFF. Level of Evidence: 3 Technical Efficacy: Stage 2
hepatic steatosis. 4, 5 Proton density fat fraction (PDFF), as measured by quantitative chemical-shift-encoded MRI (CSE-MRI), is emerging as the leading biomarker for quantifying liver fat content. [6] [7] [8] [9] Due to spatial heterogeneity in hepatic fat deposition, differences in region of interest (ROI) sampling methods can lead to variability in fat quantification. [10] [11] [12] [13] A common approach in clinical trials is to place one ROI in each of the nine Couinaud segments (Fig. 1) ; however, this laborious method is not possible in some cases due to imaging artifacts, and would not be feasible in clinical care if these ROIs are to be placed by radiologists. 7, 14, 15 Therefore, the purpose of this study was to identify a strategy with the fewest ROIs that consistently achieves close agreement with the nine-ROI strategy.
Materials and Methods

Study Design
This study was a single-site secondary analysis of 391 patients (173 men, 218 women) with known or suspected NAFLD who underwent confounder-corrected CSE 3T MRI for magnitude-based fat quantification as part of prospective clinical studies from 2012 to 2016. Data represented in this work were obtained from subjects described in previously reported studies, [22] [23] [24] [25] but reanalyzed for the purposes outlined above. All patients signed written informed consent, and this study was approved by an Institutional Review Board and was compliant with the Health Insurance Portability and Accountability Act. Demographic and anthropometric information was collected.
MRI Acquisition
Patients were scanned supine using a 3T Signa EXCITE HDxt MRI system (GE Healthcare, Waukesha, WI) with an eightchannel torso phased-array coil centered over the liver. A dielectric pad was placed between the coil and the abdomen. A 2D multiecho spoiled gradient-recalled echo (SPGR) sequence was acquired with full liver coverage in one or two 18-30-second breath-holds. A low flip angle (108) with 150 msec repetition time (TR) was used to minimize T 1 bias. 6, [16] [17] [18] Six echoes were obtained per TR at nominally out-of-phase and in-phase echo times to permit fat-water signal separation and assuming monoexponential signal decay, the estimation of T 2 *. The rectangular field of view was adjusted depending on the patient's body habitus and breath-hold capacity. A previously described fitting algorithm was applied to the source images pixel-by-pixel to create parametric PDFF maps. 18 These maps were reconstructed using a multipeak fat spectral model. 19 Due to the fat-water ambiguity intrinsic to magnitude fitting, water was assumed to be the dominant signal and the PDFF dynamic range was 0-50%. No corrections were necessary for phase errors 20, 21 as reconstruction of PDFF maps was performed with magnitude fitting. MRI parameters are summarized in Table 1 .
MRI Postprocessing and Analysis
Source images and the PDFF maps were analyzed using OsiriX software (OsiriX Foundation, Geneva, Switzerland) by several trained research staff (including E.Z.S. and J.C.H.) blinded to clinical data.
These analysts all had a minimum of 6 months of experience performing this specific analysis for various research and clinical studies. Each examination was analyzed by a single research analyst, who placed a 1-cm radius ROI in each of the nine Couinaud liver segments while avoiding major vessels, bile ducts, liver edges, and artifacts. The fifth-echo image series was used to place ROIs, as it consistently provided adequate anatomic delineation for this purpose. PDFF values for each hepatic segment were recorded and averaged to obtain an average PDFF value for each patient.
PDFF Segmental Variability
For each patient, the nine-ROI average PDFF and standard deviation of the nine segmental PDFF values were computed. Histograms were generated for the visual assessment of the distributions of the nine-ROI average PDFF and of the standard deviations of the segmental PDFF values. PDFF across hepatic segments was compared using a one-way analysis of variance. PDFF in the left lobe and PDFF in the right lobe was compared using a paired t-test and a Bland-Altman analysis. PDFF from individual segments was plotted for illustration using a representative sample of patients.
ROI Sampling Strategies
For each patient, PDFF was estimated 511 times by averaging the segmental PDFFs using every combinatorial subset of up to eight Couinaud segments: all nine combinations of one ROI, all 36 combinations of two ROIs, 84 combinations of three ROIs, etc. PDFFs estimated from these combinations were informally compared to the nine-ROI average PDFF using ICCs and Bland-Altman analyses. Two thresholds for close agreement were used: an ICC greater than 0.995 and an absolute limits of agreement (LOA) bound less than 1.5 percentage points, which was felt to represent a clinically meaningful difference. A sampling strategy using the minimum number of ROIs required to achieve close agreement with the nine-ROI average was determined.
Statistical Analysis
Statistical analysis was performed using R v. 3.3.1 statistical software (2016; R Foundation for Statistical Computing, Vienna, Austria). Demographic, anthropometric, and PDFF data were summarized descriptively. We used two thresholds to define close agreement: intraclass correlation coefficient (ICC) greater than 0.995, and absolute LOA less than 1.5 percentage points. These thresholds were picked a priori to represent clinically meaningful differences.
Results
Patient Population
Their mean age was 49. 
Summary of PDFF by Segments
The mean nine-ROI average PDFF across the cohort was 10.1 6 8.9% (range: 1.1-44.1%), with a right-skewed distribution (Fig. 2) . Although we did not find a statistically significant difference in segmental PDFFs (P 5 0.452), the highest mean PDFF values of 10.5% (0.5% higher than the nine-ROI average) were recorded in segments seven and eight, whereas the lowest mean PDFF values of 9.2% (0.8% less than the nine-ROI average) were recorded in segment two (Table 2) . This is consistent with the general observation that right lobe PDFFs are slightly higher than left lobe PDFFs. 26 Mean lobar PDFF in the left lobe (including caudate) and right lobe did not differ significantly on average (bias 5 -0.125, LOA 5 -3.53 to 3.28, P 5 0.154), but the PDFF in the left and right lobe differed by more than 1.5 percentage points in 25.1% (98/391) of patients (Fig. 3 ). In this subset of patients who had substantial differences between the left and right lobe PDFF, 65.3% of them (64/98) had higher PDFF in the right lobe, and 34.7% (34/98) had higher PDFF in the left lobe. Similarly, although the standard deviation of the segmental PDFFs was less than 1.5 percentage points for 69% of patients (293/391), some patients exhibited more substantial segmental variability (Fig. 4) . Figure 5 shows individual segmental PDFFs for a representative sample of patients.
ICC Analysis
ICCs increased as the number of ROIs used increased (Fig. 6 ). As summarized in Table 3 , none of the sampling strategies with only one ROI had ICC >0.995. In all, 14 of 36 (39%) sampling strategies with two ROIs had ICC >0.995; 74 of 84 (88%) of sampling strategies with three ROIs had ICC >0.995. All sampling strategies with four or more ROIs had ICC >0.995.
LOA Analysis
LOA bounds decreased as the number of ROIs used increased (Fig. 7) . As summarized in Table 3 , one of the sampling strategies 
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with one ROI had jLOAj <1.5% (absolute value). Two of 36 (6%) sampling strategies with two ROIs had jLOAj >1.5%; 46 of 84 (55%) of sampling strategies with three ROIs had jLOAj <1.5%. In all, 115 of 126 (91%) of sampling strategies with four ROIs had jLOAj <1.5%. All sampling strategies with five or more ROIs had jLOAj <1.5%.
Sampling Strategies
Since some but not all two-, three-, and four-ROI strategies achieved close agreement with the nine-ROI average, we further examined these subsets to determine if a simple "rule" could identify a sampling strategy that consistently meets the predefined agreement thresholds. Figures 6 and 7 show the ICC and LOA for all ROI sampling strategies based on sampling both hepatic lobes. The darker points represent strategies where both hepatic lobes are represented as equally as possible ("balanced" sampling between the left and right lobes of the liver). For the four-ROI approach, all 60 balanced subsets (two ROIs in the left lobe, two ROIs in the right lobe) achieved close agreement with the nine-ROI Although the standard deviation of the segmental PDFFs was less than 1.5 percentage points for 69% of patients (293/391), some patients exhibited more substantial segmental variability. Whole liver (all segments) 10.0 6 8.9
The lowest PDFF values were recorded in segment 2 and the highest PDFF values were recorded in segment 7.
average using both agreement thresholds, whereas only 55/ 66 (83%) of unbalanced subsets achieved close agreement (Fig. 7) . For two and three ROI subsets, balanced sampling approaches were more likely to achieve close agreement, but did not do so consistently.
Discussion
The results of this study suggest that if balanced sampling is applied, four ROIs is the minimum number required to achieve close agreement with the nine-ROI PDFF estimate using the >0.995 ICC and <1.5% LOA thresholds. Using only one ROI achieves neither a sufficiently high ICC nor a sufficiently narrow LOA. Using two or three ROIs achieves sufficiently high ICC and/or a sufficiently narrow LOA only in some cases, but no simple rule permits the selection of ROI strategies that consistently achieve close agreement with the nine-ROI PDFF. In comparison, for four-ROI strategies, a simple rule that utilizes two ROIs from each hepatic lobe achieves close agreement consistently for all 60 such combinatorial subsets in our study. The high performance of the balanced strategies probably reflects the spatial heterogeneity of fat distribution in the liver, as has been described previously and verified here. 11 For example, Bonekamp et al found that right lobe and left lobe segments had different amounts of fat; segment eight had the highest segmental PDFF and segment two had the lowest segmental PDFF. 11 While our results were not statistically significant, we similarly found that two right lobe segments (segments seven and eight) had the highest segmental PDFF point estimates and a left lobe segment (segment two) had the lowest. Importantly, although the left and right lobes had similar PDFF at the population average level, they differed by more than 1.5 percentage points (the LOA benchmark) in 25% of patients. As such, there can be substantial differences in lobar PDFFs in certain patients even if there is little difference in the mean lobar PDFF across the entire study population. Thus, having at least two ROIs in each lobe provides a reasonably representative assessment of the whole liver, while reducing the burden of sampling every hepatic segment. The large number of exploratory comparisons precluded statistical testing of individual sampling strategies, but the agreement for all 60 of these strategies was high. This suggests that the exact choice of ROIs can be made based on other considerations such as the need to avoid major vessels, bile ducts, and imaging artifacts. Prior studies demonstrated that sampling strategies that included more segments, used larger ROIs, or sampled both lobes of the liver had significantly improved correlation with liver mean PDFF, and that the repeatability of liver PDFF measurements improves as the size and number of ROIs increase. 13, 27 Vu et al demonstrated that sampling strategies that sampled the right lobe exclusively estimated significantly different PDFF values compared to sampling strategies that sampled both lobes of the liver. 13 Campo et al suggested that placing four ROIs (one in each of the anterior, posterior, medial, and lateral segments of the liver) may be a reasonable compromise between minimizing time burden and maximizing reader agreement. 27 Our study adds to those studies by demonstrating that a simple sampling strategy of placing two ROIs in each lobe provides high accuracy for whole liver PDFF estimation using the nine-ROI average as the reference standard. The strengths of our study were the relatively large sample size, and the comprehensive comparison between all possible combinations of ROIs. Additionally, by setting a priori thresholds for close agreement, our study was able to identify a specific clinically applicable sampling strategy using four ROIs. This is useful because prior studies have suggested that more ROIs is better but do not systematically evaluate the tradeoff between the number of ROIs and accuracy. Since our thresholds are arbitrary, clinicians and researchers may prefer to use different thresholds to identify adequate sampling strategies based on Figs. 6 and 7.
Limitations of this study include the use of the nine-ROI sampling method as the standard for comparison. Although it has been used as an accepted biomarker in multiple clinical studies, it has not been completely validated. Whole-liver segmentation and PDFF calculation would have been a more accurate gold standard, but this is impractical and time-consuming to perform manually, and software to perform this automatically is not yet widely available. In addition, this study design involved hundreds of informal comparisons, and hence the results are only suggestive and require further validation. We did not examine the effect of ROI size, which may also impact the agreement of ROI sampling strategies, as other studies have shown that larger ROIs improve agreement. We also did not directly compare the time spent by the analysts drawing ROIs using these strategies. Finally, this was a single-center study of adults with known or suspected NAFLD, which may limit the generalizability of our results to children, populations in other geographic regions, and adults without NAFLD.
In conclusion, our study demonstrates that in a large cohort of adults with a wide range of hepatic PDFF values due to known or suspected NAFLD, four-ROI sampling strategies can achieve close agreement with sampling all nine hepatic segments. Two ROIs should be placed in each hepatic lobe to ensure representative sampling. With further validation, this simplified strategy may become a new practical standard for assessing hepatic PDFF in clinical trials and clinical practice. Strategies where the number of ROIs in the left and right hepatic lobes differed by no more than one (ie, balanced) are color-coded with darker colors. These balanced strategies tended to achieve better agreement with the nine-ROI average. In this study, 91% of four-ROI strategies achieved close agreement by the LOA metric, but 100% of balanced four-ROI strategies achieved close agreement.
